Using the magnetoresistance measurements we study the phase transition line and the activation energy for vortex pinning in superconductor/ferromagnet bilayer, built of a ferromagnetic Co/Pd multilayer with perpendicular magnetic anisotropy, and a niobium lm, with insulating layer in-between to eliminate proximity eect. The domain width is reversibly pre-dened using the angle-dependent demagnetization. We nd that the enhancement of the activation energy for vortex pinning by magnetic domains is rather modest, by a factor of about 2.1. We attribute this to large domain width, and large dispersion of the domain width in this bilayer.
Introduction
Superconductor(S)ferromagnet(F) bilayers (SFB) are a subject of many investigations, because they oer a chance to study the interactions between superconductivity and ferromagnetism [14] . Proximity eect occurs when the S and the F layers are in contact [4] , while long-range, electromagnetic interactions may be induced by any magnetic domains existing in the F layer [13] .
In the present work we focus on this last eect. It may be conveniently studied when proximity eect is cut o by inserting insulating layer between S and F layers.
The magnetic domains create inhomogeneous magnetic eld which inuences the dependence of the superconducting critical temperature, T c , on the external magnetic eld, H (phase transition line). When H is homogeneous, T c (H) is linear, with the maximum T c at H = 0. In the presence of magnetic domains it becomes nonlinear, with the maxima shifted away from H = 0, as shown by theoretical [57] and experimental [810] studies. The magnetic domains are also very eective pinning centers for vortices, and attempts have been made to utilize this eect to enhance the critical current density [1121] . Recently, we have demonstrated that large enhancement may be achieved, by a factor of more than 10, but this requires careful tuning of the magnetic domain pattern [22] . We have utilized a method of angled demagnetization to reversibly dene and erase the quasiperiodic magnetic domain patterns with equal amount of +/− domains, and tunable domain width, w. The experiment involved the SFB built of Co/Pt multilayer with perpendicular magnetic anisotropy (PMA) as the F layer, and niobium as the S layer [10, 22] . Surprisingly, the study of the pinning enhancement by magnetic methods in another SFB, built of Co/Pd multilayer with PMA and niobium, revealed disappointingly small enhancement [23] . In hope to understand the origins of this nding, here we study the magnetoresistance in similar SFB, with Co/Pd multilayer and thin Nb layer.
Experimental details
The SFB has been grown by sputtering at room temperature on a Si substrate, with the sequence of layers • . It is seen that the increase of θ dramatically increases the magnetic domains width. From MFM images we estimate the average domain width, w, and the standard deviation, ∆w, as a function of θ. They are shown in Fig. 1e , where the error bars depict the magnitude of ∆w. We observe a rapid increase of w, from 0.4 µm at θ = 0 to 1.2 µm at θ = 20, followed by a saturation for larger θ. In nominally the same Co/Pd multilayer, used in our previous study [23] , we have seen larger range of w, 0.4 to 1.5 µm.
This is unavoidable sample-to-sample variation, resulting from very small layer thicknesses in the SFB. Nevertheless, the w(θ) dependence is qualitatively similar for We have observed similar behavior in SFB's with Co/Pt multilayers [10, 22] . However, in that case w is smaller, in the range 0.3 to 0.7 µm, and ∆w is small, about 10%. In contrast, in the Co/Pd multilayer studied presently ∆w is large, between 40 to 50%. These dierences are likely related to dierent thicknesses of the nonmagnetic spacers in these multilayers, Pd and Pt, 1.5 nm and 0.3 nm, respectively. Dierent spacer thickness creates dierent density of structural defects, which aect domain formation during demagnetization.
3. Results and discussion 3.1. Phase transition line Figure 2 shows the H-dependence of R/R N , where R N is the normal-state resistance at T = 10 K, for the F-layer demagnetized at θ = 90
• (a), and for saturated F-layer, labeled s (b). We observe that in the sF case the R(H) dependence has one single minimum at H = 0, as expected when the magnetic eld is homogeneous. On the other hand, two minima, situated at H between 50 and 90 Oe, are present in case of θ = 90
• , signaling the presence of the inhomogeneous stray elds, as discussed pre- 
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is the largest, the average domain width is w = 0.58 µm and T max c = 8.052 K, which corresponds to w 2.8ξ. at H = 0. Strictly speaking, in our experiment this regime does not occur, because at θ = 0 we have w ξ. However, the large dispersion of w in our SFB most likely causes averaging of the stray elds, and results in a single broad maximum at H = 0. • (points and lines) for several magnetic elds (labeled in Oe).
Activation energy for vortex pinning
To understand how the magnetic domains aect the pinning of vortices, we analyze the dependence of ln (R/R N ) on 1/T for various H and θ. Figure 4 shows selected set of data for sF state, and for θ = 90
• . At low T the data follow linear dependences, indicating that the Arrhenius law is obeyed. While the slope of these dependences changes monotonically with increasing H for sF state, the change is not monotonous for θ = 90
• . Following the previous treatments of the ux activation regime [10, 26] , we t the linear portions by
Here U 0 is the zero-temperature ux activation energy, and K(H) is the coecient in the T -dependent term, so that the general form for the activation energy is Furthermore, we see that in the sF state the U 0 is proportional to ln H, as has been reported for thin niobium lms [26] , and attributed to the distribution of pinning strength, and lling of the strongest pinning centers. We have also observed a similar behavior in the sF state of the SFB with Co/Pt [10] . On the other hand, in the SFB with predened magnetic domains the logarithmic dependence on H is absent. Instead, we may identify three regions with dierent behavior of U 0 (H). In the region I, at H 20 Oe, U 0 is H-independent, and for θ = 0 it is by a factor of about 1.5 larger than in the case of sF state. However, U 0 decreases with increasing θ, indicating that with increasing w the enhancement of pinning gradually changes into suppression. In the region II, for 20 Oe H < 100 Oe, broad maxima appear. We see two maxima for θ = 0, situated at H 1 ≈ 20 Oe, and at H 2 ≈ 55 Oe. For every other θ there is only one maximum, at H 2 , with the magnitude of H 2 decreasing slightly with increasing w. Finally, in the region III, at H > 100 Oe, the U 0 gradually approaches the curve observed for the sF state.
Many of these features are similar to those observed and discussed previously for SFB with Co/Pt multilayer [10] . II suggest commensurability eects between the vortex lattice and the pinning potential created by domains.
In the SFBs, depending on w, various vortex congurations above the domains are possible, including disordered Abrikosov lattice, or 1D and 2D vortex chains [10] .
The detailed discussion of these possibilities is beyond the scope of the present paper and will be presented elsewhere. We would like to stress that the broadness of the maxima observed here suggests that vortex congurations are spatially limited, which directly results from large magnitude of ∆w. Finally, the H-independent U 0 in region I is most likely caused by the enhanced vortex ow along magnetic domains at small H, when the vortex density is low. The vortex ow increases with increasing w leading to the suppression of the ux pinning at large domain width.
Turning now to comparison between two types of SFBs, with Co/Pd studied here, and with Co/Pt reported in Refs. [10, 22] , we note that the largest enhancement of U 0 observed in the present experiment equals to about 2.1. It is seen for the smallest w, and in the vicinity of the rst maximum on U 0 (H) curve, at about 20 Oe. In case of Co/Pt multilayer qualitatively similar situation occurs, except that maximum enhancement of U 0 is larger, about 3.3, and the rst maximum on U 0 curve is located at larger H, at about 100 Oe [22] . It appears that both larger w, and larger ∆w in the case of Co/Pd multilayer are responsible for smaller enhancement of U 0 . Larger w leads to smaller value of the commensurability eld at which maximum of U 0 occurs, and results in smaller vortex density which is pinned at this eld. Moreover, larger ∆w limits the spacial area of the pinning, which further reduces the density of pinned vortices.
In conclusion, we have studied the magnetoresistance in the SFB built with Co/Pd multilayer and niobium. We use angled demagnetization method to tune magnetic domain width which allows mapping out the inuence of the domain width on the phase boundary T c (H), and on the activation energy for the vortex pinning, U 0 . The largest enhancement of U 0 is observed for smallest w, similarly as it has been reported for SFB with Co/Pt multilayer.
However, the enhancement of U 0 induced by magnetic domains is smaller in case of Co/Pd, which appears to be caused by larger domain width, and larger dispersion of the domain width.
